Introduction
Lung cancer is one of the most lethal cancers throughout the world and kills at least 1 million people each year (1) . Conventionally, inflammation is regarded as a strong promoter of carcinogenesis and malignancy of many different types of cancer, suggesting that inflammation provides the cancer cells a hospitable microenvironment in which they grow. Expression of interleukin 32 (IL-32) in human lung cancer is related to the histotype and metastatic phenotype (2) . Yamaguchi et al. (3) reported that the serum IL-6 level was higher in 37.8% of 339 patients with lung cancer than in normal persons. Expression of IL-1 receptor-associated kinase-1, which leads to nuclear factor-κB activation and plays a key role in inflammation, has also been identified in non-small-cell lung cancer (4) . Inflammation seems to be an important mediator in the development of lung cancer. Because IL-23 is known to be involved in some types of pulmonary diseases (5), we reasoned that the IL-23 and the IL-23 receptor may also be associated with lung cancer.
The proinflammatory cytokine IL-23 participates in and sustains the progression of chronic inflammation. IL-23 is a heterodimer comprising IL-12p40 and IL-23p19 subunits. The IL-23 receptor comprises the IL-23r and I+L-12Rβ1 subunits (6) . IL-23 appears to play contradictory roles in carcinogenesis. Some studies have shown that, similar to IL-12, IL-23 inhibits tumor growth, but recent studies suggest that IL-23 promotes carcinogenesis. IL-12 is a potent antitumor agent in a variety of murine tumor models. It causes regression of established tumors (7) (8) (9) and inhibits the formation of experimental metastases (7, 8) and spontaneous metastases (10, 11) . Exogenously overexpressed IL-23 inhibits cancer progression. Murine colon carcinoma CT26 and B16F10 tumor cells transfected with the IL-23 gene exert potent antitumor and antimetastatic effects similar to those of IL-12 (12) (13) (14) . In contrast, Langowski et al. (15) reported that genetic deletion or antibody-mediated elimination of IL-23 leads to increased infiltration of cytotoxic T cells into the transformed tissue, rendering a protective effect against chemically induced carcinogenesis. Expression of IL-23 and its receptors is detectable mainly in activated macrophages, dendritic cells and keratinocytes in healthy skin (16) .
In our earlier study, we found that the IL-23 receptor is expressed in SW-480 colon cancer cells and that IL-23 is involved in colorectal cancer progression (17) . Our data suggested that IL-23 can affect tumor cells directly. There are only two reports on the direct effects of IL-23 on tumor growth, and the results in these reports are completely opposite. Cocco et al. reported that IL-23 acts as an antitumor agent in childhood acute B-lymphoblastic leukemia cells (18) . In contrast, Fukuda et al. (19) reported that IL-23 promotes growth and proliferation in human squamous cell carcinoma (SCC) of the oral cavity. The reasons for these opposing effects and the mechanism underlying any effect of IL-23 on lung cancer proliferation are unclear. The aim of this study was to determine whether IL-23 can increase or inhibit lung cancer cell progression, and, if so, to identify the underling mechanism.
Materials and methods

Cells, mice and reagents
Human lung adenocarcinoma (AC) cell line A549, SPCA-1 and human lung SCC line cells SK-MES-1 were obtained from the China Center for Type Culture Collection (Wuhan, China), maintained in RPMI-1640 medium (Gibco) or Dulbecco's modified Eagle's medium (high glucose; Gibco) containing 10% fetal bovine serum (Hyclone, Logan, UT), 100 units/ml penicillin and 100 mg/ml streptomycin (Sigma, St Louis, MO). Cells were cultured at 37°C in a humidified atmosphere of 5% CO 2 .
Recombinant human IL-23 (hrIL-23) was bought from R&D Systems (Minneapolis, MN). For IL-23r and IL-12Rß1 neutralization experiments, the human anti-IL-23r antibody (anti-IL-23r) and human anti-IL-12Rß1 antibody (anti-IL-12Rß1) were bought from R&D Systems, also. Anti-IL-23p19 neutralization antibody (anti-IL-23p19) was purchased from eBioscience. Cells were treated with various concentrations of IL-23 with or without anti-IL23p19 (0.3 µg/ml in the presence of 2 ng/ml IL-23), anti-IL-23r (1 μg/ml) or anti-IL-12Rß1 (1 μg/ml). AG490 (Sigma) was dissolved in ethanol (5 mg/ml), diluted with the culture medium and then used as 20 μM for experiments.
BALB/c male nude mice, used at 6-8 weeks, were bred and maintained under standard housing conditions in the animal facility of Sichuan University. All experiments in this study were performed in accordance with nation's relevant laws and animal welfare requirements.
Tissues
Forty lung SCC, 40 lung AC and 37 small-cell lung carcinoma (SCLC) tissues archived formalin-fixed, paraffin-embedded samples were obtained from West China Hospital. The stages and histological grades of these tumors were Abbreviations: AC, adenocarcinoma; IgG, immunoglobulin; IL, interleukin; mRNA, messenger RNA; MTT, 3-(4,5-dimethylthiazole-2-yl)-2.5-diphenyltetrazolium bromide; SCC, squamous cell carcinoma; SCLC, small cell lung carcinoma; VEGF, vascular endothelial growth factor 
Immunohistochemistry
Lung cancer tissue and the tumor from BALB/c nude mice embedded in paraffin were sliced and were pretreated with hydrogen peroxide. The lung cancer tissue slides were incubated with rabbit-antihuman IL-23r antibody (1:100 dilution; Boaosen, Beijing, China) and rabbit-antihuman IL-12Rß1 antibody (Boaosen; 1:100 dilution) overnight at 4°C. The tumor from BALB/c nude mice was incubated with rabbit-antihuman ki-67 antibody (1:100 dilution; Boaosen). Subsequently, the tissues were incubated with biotinylated secondary antirabbit immunoglobulin (IgG) (1:800 dilution; Zhongshan, Beijing, China). Diaminobenzidine was used as a substrate chromogen, and slides were counterstained with hematoxylin. Rabbit isotype IgG (1:300) was designed to be the corresponding native control. The positively stained tumor cells were assessed in 40 fields selected randomly, at a final magnification of ×400. The expression of IL-23r and IL-12Rß1 was scored by proportion and intensity, according to Allred's procedure (20) . In brief, the proportion score represented the estimated proportion of tumor cells staining positive was as follows: 0 (none), 1 (<1/100), 2 (1/100−1/10), 3 (1/10−1/3), 4 (1/3−2/3) and 5 (>2/3). Any brown nuclear staining in lung cancer cells was counted toward the proportion score. The intensity score represented the average intensity of the positive cells was as follows: 0 (none), 1 (weak), 2 (intermediate) and 3 (strong). The total score was proportion add intensity scores, which range from 0 to 8. Tumors with scores of 0-2 were identified as negative staining and tumors with score 3-8 were estimated as positive staining in this study (Supplementary Table 2 , available at Carcinogenesis Online).
Immunofluorescence
Cells were plated onto sterile round microscope slides in 24-well plates and grown to 70% confluence. After washing, cells were fixed with 4% paraformaldehyde for 30 min at 4°C. After three washes, cells were blocked with 5% non-fat milk for 1 h at room temperature followed by incubation with rabbitantihuman IL-23r antibody(dilution, 1:100) and rabbit-antihuman IL-12Rß1 antibody (1:100 dilution) at 4°C for overnight. After several washes, cells were incubated with an Alexa fluor® 488-conjugated secondary antibodies (1:100 dilution; Boaosen) for 1 h. 4′,6-diamidino-2-phenylindole (5 μg/ml) (Invitrogen) was used to stain nuclei. Rabbit isotype IgG (1:300) was designed to be the corresponding native control. The positively stained tumor cells were assessed in 40 fields selected randomly, at a final magnification of ×400.
MTT assay
Cells proliferation was measured by the 3-(4,5-dimethylthiazole-2-yl)-2.5 -diphenyltetrazolium bromide (MTT) assay. A549, SPCA-1 and SE-MES-1 cells were plated at density of 5 × 10 3 cells per well in 96-well plates treated with different concentrations of IL-23 (0, 5, 10, 20 or 40 ng/ml) or IL-23 together with anti-IL-23p19, anti-IL-23r and IL-12Rß1. After 72 h of treatment, MTT assay was performed. Finally, the optical density was determined at 570 nm using the enzyme-linked immunosorbent assay plate reader (Model 550; Bio-Rad, Hercules, CA). At least three independent experiments were performed.
Colony formation assay A549, SPCA-1 and SE-MES-1 cells were plated at a density of 300 cells per well in 24-well plates and treated with IL-23 (0, 5, 10, 20 or 40 ng/ml) or IL-23 together with anti-IL-23p19, anti-IL-23r and IL-12Rß1. When the plates appeared visibly clone, the clones were fixed with methanol and stained by crystal violet for 20 min. The number of clones in wells, which is over 50 cells, was counted using microscope. At least three independent experiments were performed.
Quantitative real-time PCR Total RNA was isolated from cells by using the TAKARA kit (Takara, Dalian, China), according to the manufacturer's protocol. Each 1 μg of total RNA derived from cells was subjected to reverse transcription with a PrimeScript TMRT reagent kit (Takara) according to the manufacturer's instructions. PCR reactions were processed with SYBR Premix Ex Taq II kit (Takara), and PCR protocol consisted of one cycle at 95°C for 10 s followed by 40 cycles at 95°C for 5 s and at 60°C for 45 s. Gene-specific primers used to determine the relative expression levels of STAT3 and β-actin were as follows: human STAT3, forward 5ʹ-TGC AGT TTG GAA ATA ATG GTG A-3ʹ and reverse 5ʹ-CAT GTC AAA GGT GAG GGA CTC-3ʹ; human ki-67, forward 5ʹ-CAG TGA TCA ACG CCG TAG GTC-3ʹ and reverse 5ʹ-TCG GCT GAT AGA CAC TCT CTT TTG-3ʹ and β-actin, forward 5ʹ-AAG GTG ACA GCA GTC GGT TGG-3ʹ and reverse 5ʹ-GGC AAG GGA CTT CCT GTA ACA ATG-3ʹ. The expression of β-actin was used to normalize for transcription. The threshold cycle (Ct) was defined as the fractional cycle number at which the fluorescence passed the fixed threshold. All assays were performed in triplicates.
Western blot analysis
Whole-cell protein extracts from cells were prepared with lysis buffer for 30 min on ice. Protein concentrations were determined using an assay kit (Bio-Rad). Fifty micrograms of protein lysates were loaded and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane (Millipore, Billerica, MA). Membranes were incubated in blocking buffer (Tris-buffered saline containing 5% skim milk) for 1 h at 37°C, followed by hybridization with rabbit-anti-p-STAT3 (tyr-705) antibody, rabbit-anti-STAT3 antibody (1:1000 dilution; Cell Signaling Technology), anti-Ki-67 (1:500 dilution; Boaosen) or rabbit-anti-β-actin antibody (1:100 dilution; Lab Vision, Fremont, CA) at 4°C overnight. After washing, the membranes underwent hybridization with horseradish peroxidase-conjugated secondary antibody rabbit IgG (Santa Cruz Biotechnology, 1:5000 dilution) for 1 h at room temperature. After washing signals were detected by chemiluminescence using western blotting luminol reagent (Santa Cruz Biotechnology). Protein levels were quantified by scanning blots on a Gel Doc EZ imager (Bio-Rad) and analysis with Quantity One 1D image analysis software 4.4.0 (Bio-Rad).
Apoptosis assay A549 cells were cultured with recombinant human IL-23 (0, 5, 10, 20 or 40 ng/ ml) for 3 days. Apoptosis was assessed by flow cytometry (FACSAria, Becton Dickinson) using the annexin V/fluorescein isothiocyanate kit (Keygen, China), according to the manufacturer's protocol. Statistical analysis was performed using unpaired Student's t-test, with P values 0.05 considered statistically significant. 
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In vivo experiments
To test the effect of IL-23 on tumor growth, 1 × 10 7 A549 cells were mixed with 500 µl of liquid Matrigel (BD Biosciences). BALB/c nude mice were randomly divided into eight groups as follows (10 mice The cell mixture was injected subcutaneously into the flanks of nude mice. The tumor dimensions were measured using a linear caliper, and tumor volume V was calculated using the formula: V (cm 3 ) = a × b 2 /2, where a is the larger diameter and b is the shorter diameter. We recorded the time as the tumor-forming time when the tumor volume reached 0.5 cm 3 . Two weeks later, the tumor mass was obtained by measuring the volume and weight. All tissues were formalin fixed and paraffin embedded for histological examination.
Statistical analysis
Data were expressed as mean/median ± SD. To evaluate the significant differences between two groups, the means were compared using Student's t-test. Multiple group comparisons were performed using oneway analysis of variance. Differences with P < 0.05 were considered significant. These analyses were performed using SPSS 13.0 software (SPSS, Chicago, IL).
Results
IL-23r and IL-12Rβ1 are expressed in human lung cancer tissues and cells
To study whether IL-23 acts on lung cancer cells, we first measured the expression of the IL-23 receptor subunits IL-23r and IL-12Rβ1 in human lung cancer tissues and cells. As shown in Figure 1 , positive expression of IL-23r and IL-12Rβ1 was observed in carcinoma cells in AC tissues. Weaker expression of IL-23r and IL-12Rβ1 was observed in SCLC tissues, whereas no expression of IL-23r and IL-12Rβ1 was detected in SCC tissues. IL-23r was expressed in 90.0% of AC tissues (36/40) 
The proliferation of lung cancer cells is regulated by binding of IL-23 to the IL-23 receptor
Why did different concentrations of IL-23 have a completely opposite effect? We suspected that this difference was caused by the different affinity of the two receptor subunits: high-affinity IL-23r and low-affinity IL-12Rβ1 (21, 22) . We used anti-IL-23r (Abr) and anti-IL-12Rβ1 antibodies (Abβ1) to block IL-23r and IL-12Rβ1, respectively. As shown in Figure 3 , blocking IL-23r and IL-12Rβ1 with both antibodies did not affect lung cancer cell proliferation and clone formation. With blockade of only IL-12Rβ1, a low concentration of IL-23 could still promote IL-23 receptor-positive cell growth, whereas the inhibiting effect of a high concentration of IL-23 was reversed (P < 0.05). This indicated that IL-12Rβ1 is the major mediator of growth inhibition in the presence of a high concentration of IL-23. When IL-23r only was blocked, IL-23 had no effect on the proliferation of lung cancer cells at all concentrations tested; in other words, both the promoting and inhibiting effects of IL-23 were cancelled. This implies that IL-23r is essential for IL-23 function and that IL-12Rβ1 must combine with IL-23r to acquire its biological activity. We conclude that at low concentrations, IL-23 binds to the higher affinity IL-23r and promotes cell proliferation, whereas at higher concentrations, IL-23 binds to both IL-23r and IL-12β1 and inhibits cell proliferation.
Expression and phosphorylation of STAT3 in A549 cells are influenced by IL-23 and the IL-23 receptor
STAT3 is constitutively activated in diverse cancers (23, 24) and IL-23 could activate the JAK-STAT3 pathway by binding to the IL-23 receptor in the tumor microenvironment (25) . To explore the Our findings indicated that the influence of IL-23 on cell growth is associated with the STAT3 pathway. To confirm the effect of STAT3 on tumor proliferation induced by IL-23, we used AG490 (20 µM), an inhibitor of JAK-STAT3, to inhibit the phosphorylation of STAT3 in A549 cells stimulated with IL-23 (10 ng/ml). Figure 4C shows that STAT3 phosphorylation was blocked by AG490. Figure 4D Figure 5A and B) , suggesting that Ki-67 expression is regulated by STAT3 in A549 cells treated with IL-23. We detected Ki-67 expression at the genetic and protein levels in A549 cells treated with or without IL-23 for 48 h. Figure 5C shows similar trends: the expression of Ki-67 in A549 cells was increased by IL-23 at 10 ng/ml but was decreased by IL-23 at 40 ng/ml (P < 0.05). To explore further the relationship between Ki-67 expression and phosphorylation of STAT3, we measured Ki-67 expression in A549 cells treated with IL-23 and AG490 ( Figure 5C ). AG490 inhibited the effect of IL-23 on the expression of Ki-67, indicating that 
IL-23 regulates A549 cells growth in vivo
Discussion
The relationship between chronic inflammation and tumor development has been debated intensely in recent years. The IL-12 family of cytokines plays an important role in chronic inflammation and has been reported to be associated with tumor development (7, 26) . IL-12 induces antitumor immune responses, whereas IL-23 has been identified recently as a link between tumor-associated inflammation and tumor immune escape (15, 27) . Endogenous IL-23 promotes tumor progression, and anti-IL-23 monoclonal antibody can suppress tumor growth and metastasis (28) . Some studies have reported that exogenously overexpressed IL-23 can facilitate antitumor activity (12) (13) (14) (15) . However, direct actions of IL-23 on tumor cells have been reported rarely. And the direct role of IL-23 in carcinogenesis seems to have two aspects.
We first analyzed the expression of the IL-23 receptor subunits, IL-23r and IL-12Rβ, in human lung cancer tissues and cells. Interestingly, expression of the IL-23 receptor was not detected in all pathological types of lung cancer: IL-23r and IL-12Rβ1 were expressed in AC (90%/82.5%) and in SCLC (86.5%/81.1%) tissues, but not in SCC tissues. We considered the clinical and pathological parting, tumor stage, tumor size and patient age, but have not drawn the corresponding conclusion. Perhaps, it was not enough due to our samples. We will study this phenomenon in our future work. Regardless of the reason, our data raise the possibility that IL-23 acts Why did the different concentrations of IL-23 induce completely opposite effects? We suspect that this difference reflects the different affinities of the two receptors. IL-12Rβ1 is a subunit with low affinity to IL-23, whereas IL-23r has high affinity (21, 22) . IL-12Rβ1, which is thought to be an affinity-converting molecule with Tyk2 kinasebinding activity, lacks an intracellular tyrosine phosphorylation site; it forms a functional receptor for IL-12 in combination with a possible signaling subunit IL-12Rβ2 or for IL-23 with IL-23r (29) . In this study, we confirmed that low concentrations of IL-23 bound to the higher affinity IL-23r results in promotion of cell proliferation, whereas a high concentration of IL-23 bound to both IL-23r and IL-12Rβ1 results in inhibition of cell proliferation. Our in vitro and in vivo results indicated that IL-12Rβ1 was the major mediator of the growth inhibition with a high dose of IL-23 and that IL-23r is required for IL-23 function.
The STAT transcription factors have been shown to be essential for signaling by most of the interleukins (30) . IL-12 and IL-23 are members of the IL-12 family, and both these cytokines activate STAT1, STAT3, STAT4 and STAT5. However, STAT4 is key to IL-12-specific signaling and activated STAT3 is key to IL-23 signaling (31, 32) . STAT3 is constitutively activated in various tumors (23, 24) and plays an important role in tumor cell proliferation (33), suggesting that STAT3 might play an oncogenic role in various human cancers. Generally, IL-23 can activate the JAK-STAT3 pathway by binding to the IL-23 receptor in macrophages (25) . Our data indicate that the expression and phosphorylation of STAT3 changed following the action of IL-23, leading to alteration in the proliferative ability of IL-23 receptor-positive lung cancer cells; these effects were negated by the JAK-STAT3 inhibitor AG490. Our data show that IL-23 and the IL-23 receptor promote lung cancer cell proliferation via STAT3 and upregulation of pSTAT3.
Changes in cell growth are related to apoptosis in some cases. To explore further the mechanism responsible for the regulation of lung cancer cell proliferation by IL-23, we examined apoptosis and expression of Ki-67 in A549 cells induced with IL-23. Ki-67, a marker of cell proliferation, is involved in lung cancer cell proliferation (34). Cocco et al. reported that high concentrations of IL-23 (>100 ng/ ml) could induce cancer cell apoptosis (18) . However, our data demonstrate that lower doses of IL-23 (5, 10, 20 or 40 ng/ml) could not induce apoptosis of A549 cells, implying that the inhibition of A549 cell proliferation induced by 40 ng/ml of IL-23 did not occur because of apoptosis. In our study, Ki-67 expression was influenced by IL-23, and Ki-67 expression followed that of STAT3 and pSTAT3. We also found that the peak of Ki-67 expression occurred after the expression peak of STAT3 and that inhibition of phosphorylation of STAT3 by AG490 diminished IL-23-induced Ki-67 expression. Yang et al. (35) also reported that pSTAT3 expression was related to Ki-67 expression in cervical intraepithelial neoplasia. Taken together, these findings suggest that the expression of IL-23-induced expression of Ki-67 is regulated by STAT3.
Is there any other mechanism associated with IL-23 that might regulate lung cancer cell proliferation? We found that some soluble factors were produced by A549 cells following incubation with IL-23, in particular vascular endothelial growth factor (VEGF) and IL-6 (data not shown). Some reports have confirmed that both VEGF and IL-6 can regulate STAT3 expression and the growth of cancer cells (36, 37) . It has been suggested that STAT3 can be activated by IL-23 via the JAK-STAT3 pathway and by other soluble factors such as IL-6 and VEGF in tumor cells. We are studying this phenomenon at present (a paper on VEGF is in preparation). IL-23 binding to both IL-23r and IL-12Rβ1 might activate another inhibitor signal pathway, which may control IL-23r signaling. Suppressor of cytokine signaling (SOCS) family members have been reported to have a strong regulatory function in the STAT signaling pathway (38) . Inflammatory factor-induced phosphorylation of STAT might increase SOCS expression, which could act as a negative feedback loop to restrict the inflammatory reaction. Although some reports have shown that the SOCS family is attenuated in tumor cells, there is no obvious evidence to rule out that the SOCS family is involved in the inhibition of tumor cell proliferation caused by high-dose IL-23 (39) . We plan to analyze further the role of the SOCS family in the IL-23 signaling pathway in tumor cells and to determine whether this family is involved in IL-23-associated inhibition of tumor cell proliferation.
Preclinical and clinical studies had demonstrated that IL-12 has potent antitumor activity (40) (41) (42) , but that IL-12 administration leads to severe toxicity that is associated with extremely high levels of interferon-γ induced by IL-12 (43) . IL-23 has a similar structure and bioactivities to IL-12 but induces a lower level of interferon-γ than that induced by IL-12. Our data have demonstrated that a high concentration of IL-23 can inhibit lung cancer cell growth, suggesting that IL-23 may be a potential antitumor agent with lower toxicity (21) . Our study provides preliminary data for later clinical trials to test IL-23 toxicity. The findings that a low dose of IL-23 can promote tumor growth and that IL-23 can also induce immune cells to secrete cytokines, which can promote tumor growth in vivo, are important to consider when planning the clinical use of IL-23. Clinical applications of IL-23 may require combination with other methods to prevent stimulation of other cytokines.
In conclusion, our study has demonstrated IL-23 receptor expression in lung cancer and has confirmed that exogenous IL-23 can influence human lung cancer cell growth in vitro and in vivo. At low concentrations, IL-23 promotes the proliferation of A549 and SPCA-1 cells via binding to the IL-23r subunit, whereas at a high dose, IL-23 binds to both IL-23r and IL-12Rβ1 and has the opposite effect. STAT3 and pSTAT3 are critical to these processes. Our data suggest that IL-23 participates in the formation of the tumor microenvironment and affects tumor cells directly. This provides a new explanation for the inconsistent effects of IL-23 on the cancer process. This study has provided the basic proof and further direction for research. Future work could involve demonstrating whether IL-23 at a low dose can induce the proliferation of primary lung ACs. For example, a large sample size of primary lung ACs should be analyzed to study the relationships between IL-23 level and clinical stage, tumor size and expression of genes related to proliferation.
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